R6sum6. -On fait Ctat de resultats experimentaux concernant la structure de films monoatomiques amorphes de mktaux de transition et de metaux nobles obtenus par evaporation sous vide.
1. Introduction. - In recent years there have been many studies made of the structural and physical properties of amorphous metallic films, both alloy films [l- 41 and films of a single element . These investigations include detailed structural investigations [2, 4, 7 and 91 electrical resistance measurements [8, 101 and magnetic measurements [l, 61. In the main attention has been focused on films of transition metals, either alloyed with a glass forming element or in the pure form. Measurements have also been reported on amorphous coinage metal films [10] . There are several methods available for preparing thin and thick films of amorphous metals, e. g. splat cooling [l, 41, chemical [3] and electrochemical deposition [2] and vapour quenching . Single element metal films of the first transition series and coinage metal group are usually metastable at room temperature, having no glass former in the accepted sense to stabilise them, and have been prepared by vapour quenching i. e. deposition onto a cold substrate. In this paper we present somewhat of a review of our own previously determined atomic arrangement information for these films and compare it with other recent investigations. We consider the agreement between these experimental results and recent calculations of atomic arrangements [9, [11] [12] [13] [14] and scattering [9, [13] [14] in models (*) Now at Synthetic Fibres Laboratory, Courtaulds Ltd., Coventry.
of random packing. We consider some electrical resistance measurements and some preliminary magnetic measurements on the metastable films during crystallization. The non-crystalline films discussed in this paper are termed amorphous as it has become clear, as will be shown, that the atomic arrangements in them and in particular the electron scattering from them cannot be associated with microcrystalline structures so far considered.
2. Film preparation and experimental methods. -All the films described in this paper were prepared by vacuum deposition onto substrates cooled by liquid nitrogen or helium. In the case of transmission electron diffraction experiments the substrates were either thin collodion, carbon or formvar films [7, 9 , 141 and for the electrical resistance [8, 101 , magneto electric [l 53 and magnetic measurements the substrates were sapphire or quartz wafers. Our depositions were made on liquid nitrogen cooled substrates in a differentially pumped electron microscope in vacua of about 10-'-10-6 torr. Ichikawa [9] , Bennett and Wright [8] and Leung and Wright [l41 used liquid helium cooled substrates in specially constructed electron diffraction systems, the first at 10-6 torr and the last two investigations in UHV conditions of 10-s-10-9 torr. The present authors, and Ichikawa, recorded the electron scattering patterns on photographic plates, and direct recording using a scanning technique with velocity filtering has been used by Wright and his CO-in figure 2. The shap? of the function and especially workers. The electrical resistance measurements were the strong-weak nature of the sub-peaks in the second made by conventional d. c. methods [8, 101 and the halo appears to be typical of most solid amorphous magnetization of the ferromagnetic films were obtained films with metallic bonding. The errors introduced in a sensitive Faraday balance modified for insitu into I&) using the extraction procedure from I(s) deposition of thin films. The details of this apparatus --will be given elsewhere [16].
3. Structural analysis. -In our studies the structure sensitive intensity or interference function, I&), was extracted from the total scattering intensity I(s) by removing contributions due to the atomic scattering of the specimen, the elastic scattering from the substrate and inelastic scattering from the specimen and substrate. This is a standard procedure, see e. g. [5, 9, 171, for scattering patterns recorded photographically. In direct recording scanning techniques the procedure is much simplified, especially with velocity filtering for removing inelastic electrons, and the measurements are probably less subject to error. Multiple scattering was ignored as there is little effect in films -100-500 W thick using 100 kV electrons Here the symbols used have their usual meaning and 4 nrp,, is the initial slope of the reduced RDF G(r). A damping factor and a finite limit to S, S,,,, are included in the integral to take advantage of the fact that I,(s) decays rapidly with s for electrons. In our results S, , , = 12.5 A-' and B is 0.015 A-' SO that exp(-BS;,,) = 0.1. The step length in the calculation was As = 0.018 W-'. In attempts to compare the experimental I,(s) with that expwted from small and deformed microcrystallites modified forms of the Debye equation were used 171.
4.
Results of the structural analysis and resistance measurements. -An example of the scattering pattern from an amorphous cobalt film and its intensity trace, Z(s), are shown in figure 1. The presence of a doublet in the second diffuse halo is quite evident. This pattern is typical in form of those obtained for all the films investigated i. e. cobalt; nickel, silver, gold and a CO-P alloy [7] and is also similar to X-ray scattering patterns obtained from amorphous metallicalloys and gold and silver effectively coincide. R(r) has a clearly defined first peak and subsequent peaks overlap each other. As is well known the area under the first peak can be used to estimate the first coordination number. For our films we obtain a value of 13 & 1 which is to be compared with the close packed value of 12 in the crystalline phase. Because of the non-zero value of R(r) at the first minimum not much weight can be given to this value but it is in agreement with values obtained for amorphous Ni-P alloys [2] . W(r) gives the most commonly held interatomic distances in the films and, along with the calculated R(r), can be used to give the reduced atomic spacings which produce the experimentally obtained interference function. This procedure is discussed in the next section. The error in the peak positions in our R(r) , and W(r) is estimated to be about 0.01 A and the ratio of the peak positions is also accurate to these limits.
As the temperature of the deposited films was increased from 77 K crystallization was signified by the appearance of lines in the scattering pattern recognisable as crystalline reflections. Crystallization could be arrested by keeping the film at constant temperature but the atomic ordering process was not reversible. The ordering process was followed by electrical resistance measurements [l01 and a typical result for a cobalt film is shown in figure 4 . The anneal to room temperature is characterised by three regions of behaviour. From 77 K to Tb, i. e. A to B, the disordered or amorphous phase is assumed to be stable, however the small rise in resistance is irreversible and the line BC is followed on cooling. Such an increase in resistance before crystallization has been ascribed to the formation of microcrystallites which increase the average scattering cross section [18] . Between B and D ordering or crystallization occurs with a marked drop in resistance and above Te the film is crystalline with a positive temperature coefficient of resistance. The region over which crystallization occurs is irreversible and curves parallel to DE are followed on cycling the temperature. The behaviour of a crystalline film between 77 K and room temperature is entirely different as shown by the dotted curve. Resistance curves of this type have already been discussed in detail [8, 101 and analysed in terms of crystallization from a disordered, amorphous phase. Typical temperatures for . The first procedure has been described previously [7] and has also been followed by others, e. g. [g] .
We have calculated the interference function for small f. c. c. and h. c. p. crystallites containing typically 9 to 81 atoms using the Debye equation and modifications to that equation. These modifications reflected the presence of stacking faults and elastic strains. The modifications essentially introduce nonuniform broadening into Im(s) peaks, as is the case in the experimental Im(s), whereas the simple reduction of crystallite size introduces uniform broadening. Ichikawa [9] considered small crystals of b. c. C., f. c. C., b. c. t., h. c. p. and A15 structure incorporating some disorder. The results of such calculations are, in the main, in complete disagreement with the experimental structure factor but in some cases the most important feature, the split nature of the second halo, is reproduced. However the relative intensities of the sub-peaks are usually in the wrong order i. e. weakstrong rather than strong-weak and where the correct order is obtained the peaks in I&) and any W(r) occur at the wrong values of s and r. [9] . The ratios of peaks in Sadoc's calculated Im(s) for 1 000 spheres in DRP are in good agreement with our results i. e. s,/s, = 1.00 : 1.70 : 1.85. A comparison between the calculated and experimental Im(s) avoids any termination effects that may be introduced in calculating R(r) or W(r), however for a general overview a comparison of peak ratios in the R(r) and W(r) is convenient. The methods adopted in the setting up of the model atomic packings It is thus clear that the experimental atomic arrangements are displaced further from the crystalline phase than suggested by a spherical DRPS and represent a distinct amorphous phase. Conditions of local order appear to extend to longer range than fixed by the local models considered here and models which are dense locally but relaxed at longer range maybe pertinent.
6. Magnetization measurements. - Of some interest at the present time is the general topic of amorphous magnetism and many reports have been published of magnetic measurements on non-crystalline ferromagnetic [l91 and ferrimagnetic films [3] (see also other papers in the conference proceedings of [l] ). However little attention has apparently been paid to magnetization measurements in nominally pure ferromagnetic films apart from the investigation reported in [6] . Recently reports on amorphous transition metal alloys such as NiFe vapour quenched films have appeared [20] reproducible in form and magnitude for several films deposited at the same pressure of 10-S torr ; this is indicated by the curves for two separate cobalt films (both about 400 A thick). The curve for nickel is typical of films between about 500 and 2 000 a in thickness.
The results for nickel can be explained as follows. Below 200 K the film is assumed to be in'a stabilised amorphous phase ; crystallization starts at this point initiated possibly by outgassing and the magnetization rises as ordering proceeds before falling along a normal magnetization curve to the accepted Curie point, T,, for the crystalline phase. It can be seen that if our assumptions are correct the Tc for the amorphous phase is higher than the crystallization temperature. This is in disagreement with Tamura and Endo's results [6] where, assuming the behaviour of their film was ferro-rather than ferrimagnetic, the amorphous Tc coincided with the crystallization temperature of the film. This temperature of 530 K is remarkably high for a film deposited at their quoted vacuum of 4 X 10-7 torr. For our nickel films the ratio of the M, in the two phases, extrapolated to 0 K, are MsA(0)/ Msc(0) 0.7 and for Tc, TcA/Tcc --0.6.
The curves for cobalt appear to be a little more complex. It is reasonable to suppose from the struc-tural work and the results for nickel that some form of crystalline ordering occurs at about 200 K. From that point the magnetization in the crystalline phase follows, initially, a magnetization curve reminiscent of that for a specimen composed of small ferromagnetic qlusters identified with small grains (--10-50 A in size) which interact with each other through magnetostatic or rudimentary exchange interactions [22, 231. It would appear that above about 350-400 K a normal magnetization curve begins. If this is the case it is presumably the result of substantial annealing by removal of gaseous impurities and some grain growth. If this explanation of the cobalt results is correct the difference in magnetization at any temperature between the amorphous and crystalline phase is small and much smaller than for nickel. This is in agreement with measurements on the Hall effect [l51 and Mossbauer studies by Hoffman [l41 for cobalt where the internal field for the amorphous phase --5 % less than that for the crystalline phase.
A more extensive investigation is in progress on films condensed at' liquid helium temperatures and in improved vacua.
7.
Conclusion. -It is clear from the structural results considered in this paper that single element metallic films of the transition series and coinage metals can be prepared in an amorphous phase. It can be concluded that in most cases the presence of residual gases during film deposition serves to stabilise an amorphous phase at low temperatures by inclusion of gas molecules in the film. It would seem that only cobalt can be obtained in a pure, amorphous state [8] and iron incertain circumstances [14] . At pressures of 10-9 torr the impurity content of thin films is estimated to be -0.1 %. Nickel films deposited at any temperature in vacua better than 10-6 torr are always microcrystalline. Our films probably have an impurity content of about 1-2 % for fast depositions and are presumably stabilised in the amorphous phase by the gas molecules acting as a dilute glass former. Hence contrary to some suggestions single element metal films can be obtained in an amorphous phase and it would seem that metallic bonding can support a disordered structure. Covalent binding as occurs in semiconductors is not the only binding mechanism to support an amorphous state. Part of the discussion of sections 4 and 5 has recently been reported [24] .
The magnetic measurements reported in this paper are only preliminary ; they and others will be discussed more fully elsewhere [16] . However it is clear that interesting information will be forthcoming on. amorphous ferromagnetic material of the most fundamental kind-pure metals. We hope to effect some kind of comparison with theoretical treatments of this state.
The atomic arrangement in amorphous films of the metals considered here appear to be explained, at least in principle, by recently proposed models of dense random packing of hard spheres built up by sequentially adding new spheres to a particular seed cluster under certain conditions of packing. Where packing is governed by local considerations, i. e. short range forces, the calculations and experiment are in good agreement at short range. Successful models seem to be those where addition of an atom in hard contact to three others already in hard contact to make a seed in the form of a tetrahedron is a distinctive feature.
